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COLLABORATIVE OBJECT ARCHITECTURE 
FIELD OF THE INVENTION 

The present invention relates to multi-user computer applications. More 
specifically, the present invention relates to a collaborative object architecture for use 
5 with networked computers. 

BACKGROUND OF THE INVENTION 

Advances in computer technology and the advent of the Internet have enabled 
geographically distributed computer users to execute computer programs from points 
around the world. Examples of distributed programs include computer chat rooms, 

10 conferencing programs and gaming programs, each of which allow multiple computer 
users to interactively exchange information in real time. For instance, a computer chat 
room can allow a number of distributed users to view conversational text as it is typed by 
any one of the individual users, a conferencing application may allow geographically 
distributed users to collectively draft and edit a single text document, and gaming 

15 programs can allow multiple users to compete or collaborate in a virtual gaming 
environment. 

In order to perform distributed programming, it is necessary for two individual 
processes to maintain a bi-directional communication stream. The term "process" refers 
to an active execution of a computation, and is also commonly referred to as a task, job, 
20 or thread. Distributed programming is frequently based on the client-server paradigm, 
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wherein a process executing on a client system communicates with a process executing 
on a server system. 

In the client-server paradigm, a client process makes requests for access to, and 
information from, a server process. A client process and server process can be executing 
5 on the same computer system or they can be executing on separate networked systems. In 
an architecture where a server is accessible by a network, such as the Internet, a large 
number of client systems from around the world can make requests on a server system. 
Distributed programs, however, typically are only distributed to the extent that 
*5 multiple client systems have access to a program running on a server system that operates 
fi 10 with request and wait remote procedure calls (RPCs). In these architectures, the client 
hi systems request a service from the server system and wait for a response before 
* proceeding. Such architectures require substantial network resources to keep the client 

H 5 systems updated with changes to the program. As the number of users increases network 
f 2 and other computing resources required to provide satisfactory performance also 
15 increases. For these reasons, prior art distributed programs typically do not provide a 
scalable, near real time collaborative environment. 

What is needed is an improved architecture that provides objects distributed 
among multiple computer systems that act as a single object. 
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SUMMARY OF THE INVENTION 

A collaborative object architecture is described. A pod application runs on a 
server computer system. Applets run on one or more client computer systems coupled to 
the server computer system via a network. Each pod and a corresponding applet on each 

5 client computer system comprises a collaborative object. In one embodiment, pods have 
multiple constituent parts having corresponding constituent parts in each corresponding 
applet. Changes generated by a constituent part in an applet are processed locally and 
communicated to the pod. The applet continues normal operation without waiting for a 
response from the pod. When the pod receives the changes, the corresponding constituent 

10 part processes the changes and communicates the changes to the applets that have not 
processed the changes. In one embodiment, multiple changes are communicated in a 
single message packet. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

The present invention is illustrated by way of example, and not by way of 
limitation, in the figures of the accompanying drawings in which like reference numerals 
refer to similar elements. 

5 Figure 1 is one embodiment of a computer system. 

Figure 2 is one embodiment of a collaborative object architecture. 

Figure 3 is one embodiment of a conceptual diagram of lightweight asynchronous 
messaging. 

Figure 4 is one embodiment of a distributed database having collaborative 
10 objects. 

Figure 5 is one embodiment of two messages of a single string object that cross in 
a network. 

Figure 6 is one embodiment of a state space for an applet and a pod while 
processing messages. 

15 Figure 7 is one embodiment of a state space in which an applet and a pod diverge 

by more than one step. 

Figure 8 is one embodiment of a flow diagram for sending a message. 

Figure 9 is one embodiment of a flow diagram for receiving a message. 
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DETAILED DESCRIPTION 



A collaborative object architecture is described. In the following description, for 
purposes of explanation, numerous specific details are set forth in order to provide a 
thorough understanding of the present invention. It will be apparent, however, to one 
skilled in the art that the present invention can be practiced without these specific details. 
In other instances, well-known structures and devices are shown in block diagram form in 
order to avoid obscuring the present invention. 

Briefly, the present invention provides a collaborative object architecture with one 
or more of the following: 1) lightweight asynchronous messaging; 2) collaborative 
objects; 3) optimistic concurrency control; and 4) transparent object serialization. 
Lightweight asynchronous messaging allows responsive interactivity and natural 
interactions with minimal network loads. Collaborative objects allow ubiquitous sharing 
and provides each user with the same copy of a shared object. Optimistic concurrency 
control allows full-duplex group editing and natural interactions. Transparent object 
serialization provides real world persistence and support for asynchronous changes. 
Thus, combination of these features provides a persistent collaborative-object messaging 
architecture with several advantages over the prior art. 

Overview of a Collaborative Object Architecture 

Figure 1 is one embodiment of a computer system. Computer system 100 includes 
bus 101 or other communication device for communicating information, and processor 102 
coupled with bus 101 for processing information. Computer system 100 may also include 
multiple processors (not shown in Figure 1). Computer system 100 further includes 
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random access memory (RAM) or other dynamic storage device 104 (referred to as main 
memory), coupled to bus 101 for storing information and instructions to be executed by 
processor 102. Main memory 104 also can be used for storing temporary variables or other 
intermediate information during execution of instructions by processor 102. Computer 
5 system 100 also includes read only memory (ROM) and/or other static storage device 106 
coupled to bus 101 for storing static information and instructions for processor 102. Data 
storage device 107 is coupled to bus 101 for storing information and instructions. 

Data storage device 107 such as a magnetic disk or optical disc and its 
corresponding drive can be coupled to computer system 100. Computer system 100 can 

10 also be coupled via bus 101 to display device 121, such as a cathode ray tube (CRT) or 

liquid crystal display (LCD), for displaying information to a computer user. Alphanumeric 
input device 122, including alphanumeric and other keys, is typically coupled to bus 101 for 
communicating information and command selections to processor 102. Another type of 
user input device is cursor control 123, such as a mouse, a trackball, or cursor direction 

15 keys for communicating direction information and command selections to processor 102 
and for controlling cursor movement on display 121. 

Figure 2 is one embodiment of a collaborative object architecture. In one 
embodiment, each data set (or object) within the architecture has two distinct parts: one part 
that runs on a single server computer system and one or more copies of the second part that 

20 run on separate client computer systems, each of which connect to the server computer 

system via a network. The phrase "data set" refers to a broad category of objects including, 
but not limited to, applications, files, etc. 
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For purposes of explanation herein, individual client parts of each application are 
called "applets." In one embodiment, applets run in a Web browser, such as Internet 
Explorer® available from Microsoft Corporation of Redmond, Washington or 
Navigator® available from Netscape Communications, Inc. of Mountain View, 
5 California. Alternatively, the applet can run in a different web browser or as a standalone 
application. In one embodiment, applets are built of classes defined by the Java™ 
Programming Language available from Sun Microsystems of Mountain View, California; 
however, any programming language can be used. 

In alternative embodiments, applets are standalone applications (client 
10 applications) rather than applets running in a Web browser. In such embodiments, the 
client applications are installed in a client computer system prior to communication with 
a server. 

When a server application is running on a server computer system, the server 
accepts connections from clients and activates or deactivates server-side applications in 
15 response to the connections. For explanation purposes herein, the server half of an 

application is referred to as a "pod." The server also maintains the persistent state of the 
pods. 

A server provides an environment in which pods can run and receive connections 
from corresponding applets. In one embodiment, the server responds to TCP or HTTP 
20 connections made by client-side messaging substrate(s) and generates a sub-connection to 
an appropriate pod. It is important to note that any type of communication protocol that 
provides reliable, ordered communications can be used to implement the present 
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invention. 

Each collaborative object includes multiple constituent parts including a pod and 
one or more applets distributed across multiple computer systems. Applets and pods can 
be further subdivided into constituent sub-parts, which interact to provide collaborative 

5 sub-objects. Sub-parts can be further subdivided into multiple levels of sub-parts each of 
which interact with corresponding sub-parts to provide multiple levels of collaborative 
sub-objects. The relationship of constituent parts across multiple computer systems and 
the hierarchical relationship of sub-parts is described in greater detail below. 

Network 200 provides an interconnection between multiple computer systems that 

10 operate as client computer systems and/or server computer systems. Network 200 can be 
any type of computer network. In one embodiment, network 200 is the Internet. 
Alternatively, network 200 can be local-area network (LAN), a wide-area network (WAN), 
etc. 

Figure 2 describes a single server communicating with to a single web browser via 
15 network 200 for simplicity. Any number of web browsers and any number of servers can 
be interconnected via network 200 and additional networks (not shown in Figure 2); 
however, collaborative objects operate between a single server and multiple clients. In one 
embodiment, the network connection provides an applet with a bi-directional 
communication channel with the corresponding pod. In one embodiment, the 
20 communication takes the form of asynchronous remote procedure calls (RPCs) made by 
each side to the other. 

Web browser 220 runs on a client computer system (not shown in Figure 2) that 
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provides computing resources for web browser 220. Similarly, server application 240 runs 
on a server computer system (not shown in Figure 2) that provides computing resources for 
server application 240. The particular environment in which applets and pods run may be 
varied and is not central to the present invention. 
5 Web browser 220 runs one or more applets, such as applet 222 and applet 224. In 

one embodiment, each applet can be further subdivided into multiple constituent parts, such 
as constituent parts 212, 214, 216, 232 and 234. Constituent parts can be, for example, a 
shared string, a shared integer, etc. 

Server 240 runs one or more pods, such as pods 250 and 260. In one embodiment, 

10 each pod can be further subdivided into multiple constituent parts that correspond to 

respective constituent parts of applets running in web browser 220 or other web browsers 
(not shown in Figure 2). For example, pod 250 corresponds to applet 210 and the three 
constituent parts of pod 250 (e.g., 252, 254 and 256) correspond to the three constituent 
parts (e.g., 212, 214 and 216) of applet 210. Similarly, the two constituent parts of pod 260 

15 (e.g., 262 and 264) correspond to the two constituent parts of applet 230 (e.g., 232 and 
234). 

Communication between applets and corresponding pods occur over network 200. 
The network connection provides applets with a bi-directional communication channel with 
the corresponding pod. In one embodiment, the communication takes the form of 
20 asynchronous remote procedure calls (RPCs) made by each side to the other. 
Asynchronous communication is described in greater detail below. 



003494.P001 



9 



EM542801686US 



Lightweight Asynchronous Messaging 

In one embodiment, pods and applets communicate via a messaging substrate. 
The messaging substrate is an optimized facility designed specifically to support 
interactive distributed applications running on any network. The messaging substrate is 
5 designed for performance using high-latency networks by using small messages to reduce 
bandwidth requirements. 

Network interactions are generally subject to two sources of response latency. 
The first source of response latency is caused by sequential processing of events by a pod. 
Sequential processing refers to ordering of events that occur simultaneously or are 
10 received simultaneously by the pod. The second source of response latency is high- 
latency communications paths. For example, low-bandwidth connections, busy networks, 
and high-latency links introduce delays to responses from other devices. 

In one embodiment, asynchronous lightweight messaging allows applets to 
continue operation without waiting for a response from the corresponding pod. Thus, 
15 unlike rigid "call and return" messaging, applets are not left idle waiting for pod 

response. Similarly, pods continue local operations without waiting for the applet to 
respond. Thus, both the pod and the applet can continue operations without waiting for a 
response from the other device, thereby improving interactivity of distributed 
applications. 

20 In order to properly implement asynchronous lightweight messaging, the 

underlying transport protocol must be reliable and provide ordered delivery. In other 
words, messages sent by an applet are received by a corresponding pod in the same order 
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in which the messages were sent. In one embodiment, TCP is used for messaging 
purposes; however, any protocol that provides reliable, ordered delivery of messages can 
be used. 

Figure 3 is one embodiment of a conceptual diagram of lightweight asynchronous 
5 messaging. Network 300 provides interconnection between server 320, web browser 340 
and web browser 360. Pods 322, 324 and 326 run in server 320. Applets 342 and 344 
run in web browser 340. Similarly, applets 362 and 364 run in web browser 360. 

Message bursts generated by the web browsers and the server can include multiple 
J3 messages. For example, message burst 350 includes two messages generated by an applet 
C 10 running in web browser 360. The term "message bursts" refers to any grouping of 
f ] messages sent across a network, regardless of network protocol and packet format. 
7* Message burst 330 includes three messages generated by an applet running in web 
I* browser 340. Pods communicate messages in a similar manner. For example, message 
H burst 310 includes four messages from a pod running in server 320. 
^ 15 In one embodiment, compact representations are used to reduce the amount of 

data included in each message. For example, if an integer is less than 256, the number is 
sent as one byte of data. Larger integers are sent as larger blocks of data. Similar 
compact representations are used for other data. In this manner messages are optimized 
to reduce the non-essential data included in each message. Lightweight messaging allows 
20 small change information to be sent frequently. This makes the collaborative object 

appear more "live" because the user receives better feedback. Lightweight messaging is 
also beneficial for use with high-latency networks such as the Internet for the same 
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reason. 

As described above, multiple messages can be bundled into a single message 
burst. For example, multiple messages can be included in a single TCP packet or HTTP 
request. The asynchronous nature of messaging provided by the present invention allows 
5 message bundling because a sending object is not required to wait for a response from the 
receiving object. In a call and return architecture only a single message can be sent 
because the sending object cannot proceed without a response from the receiving object. 

In one embodiment, a single TCP connection is shared between all applets 
running on a single browser and a corresponding server application running 
10 corresponding pods. The constituent sub-parts of an applet communicate with the 
corresponding constituent sub-parts of a pod over the shared connection. 

Collaborative Objects 

Collaborative objects refers to many constituent parts on many hosts that act as a 

single object. As discussed above, each object has a server side (pod) and one or more 
15 client sides (applets). Each pod and/or applet can be further sub-divided into constituent 

parts that communicate with corresponding constituent parts. In one embodiment, 

constituent parts are chosen from a library of constituent parts; however, custom 

constituent parts can be designed. 

The library of constituent parts can provide lower-level functionality, such as 
20 constituent parts that manipulate strings, numerical values, etc. Higher-level 

collaborative objects can be built from the lower-level collaborative objects included in 

the library. For example, a database query higher-level collaborative object can include 
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multiple string objects and multiple integer objects. The database query object can then 
be shared by multiple applets and a corresponding pod. 

Collaborative objects also provide an applet with more local intelligence than 
prior art shared objects operating with a call and return protocol An applet can provide 
5 local processing of shared objects without the need of communicating with the pod. For 
example, an applet can search a local copy of a collaborative string object to determine 
whether a particular sub-string exists without communicating a search request to the pod. 
Thus, applet operations do not necessarily correspond with remote procedure calls. 

Figure 4 is one embodiment of a distributed database having collaborative 
10 objects. In the example of Figure 4, the collaborative object is a database; however, 
collaborative objects can operate on any set of data, whether executable or not. 
Constituent parts of the collaborative object can be used, for example, to author queries, 
modify data, etc. 

Server application 410 runs a pod that consists of pod core 412, collaborative 
15 integer constituent part 414 and collaborative string constituent part 416. Pod core 412 
has access to data 420 that is not a part of server application 410. As described in greater 
detail below, applets do not directly intercommunicate. Applets send messages to a 
corresponding pod and the pod manages coordination of collaborative objects. 

Web browser 450 runs applet 470 that includes applet core 452, collaborative 
20 integer constituent part 454 and collaborative string constituent part 456, Similarly, Web 
browser 440 runs applet 460 that includes applet core 442, collaborative integer 
constituent part 444 and collaborative string constituent part 446. In one embodiment, 
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the collaborative string constituent parts and the collaborative integer constituent parts are 
multiple instances of objects defined by the object library. 

In one embodiment, pod core 412, applet core 442 and applet core 452 provide 
code sequences to manage communications between the pod/applet over shared TCP 
5 connections. For purposes of explanation with respect to Figure 4, the core components 
include the messaging substrate described above. In one embodiment, the constituent 
parts that are included in pods and applets communicate with corresponding constituent 
parts in the manner described above in more general terms with respect to applets and 
pods. 

10 Collaborative string constituent parts 416, 446 and 456 are corresponding 

constituent parts that provide a collaborative string object used to define a query into the 
database to retrieve data from data 420. When a user of web browser 450 writes a query 
using a keyboard or other input device (not shown in Figure 4), the query is input to a 
user interface (not shown in Figure 4) of web browser 450. The user interface 

15 communicates the query to collaborative string constituent part 456 that modifies a local 
copy of the string. Collaborative string constituent part 456 then communicates the query 
to collaborative string constituent part 416. In one embodiment, the query is 
communicated as part of a message burst between applet 470 and pod 480. 

Collaborative string constituent part 416 updates the server-side local version of 

20 the string in response to the message received from applet 470. Coordination of 

messages between multiple applets and a corresponding pod is described in greater detail 
below. Collaborative string constituent part 416 then communicates the query to 
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collaborative string constituent part 446 that is part of applet 460, as well as to any other 
corresponding applets (not shown in Figure 4). Collaborative string constituent part 446 
changes the local copy of the string and communicates the string to the user interface (not 
shown in Figure 4) of Web browser 440. 
5 In one embodiment, communications occur directly between the constituent parts 

of a collaborative object. The corresponding pod and applets do not manage 
communications or updates to data controlled by the constituent parts. In this manner, 
constituent parts of applets and pods as well as constituent sub-parts along with 
% corresponding parts or sub-parts operate as collaborative objects or collaborative sub- 

hj 10 objects, without management by the higher-level applets and pod. By providing 

ill 

W independent objects operating together to form a higher level applet or pod, the present 
invention allows use of asynchronous communications between parts to provide a more 

j^J responsive architecture than prior art shared object architectures. 

f g The user of web browser 440 can also make modifications to the string to change 

15 the database query. Any changes to the string are processed in the same manner as the 
original query described above. Of course, other constituent parts can be used to provide 
different data in a similar manner. For example, collaborative integer constituent parts 
414 s 444 and 454 can be used for communicating other data between within collaborative 
objects, for example, updating data 420. 
20 Constituent parts can be further subdivided into multiple constituent sub-parts or 

larger collaborative objects can be built from constituent parts (not shown in Figure 4). 
For example, collaborative string constituent part 416 and collaborative integer 



003494.P001 



EM542801686US 



constituent part 414 together can define a database query pod constituent part. The 
corresponding applet constituent parts define respective database query applet constituent 
parts. Together the constituent parts provide a database query collaborative object. 
Constituent sub-parts communicate directly with corresponding constituent sub-parts in 
5 the same manner as the constituent parts described above. 

Because objects and sub-objects communicate using lightweight asynchronous 
messaging, changes to an object are made without update and coordination with other 
objects of the same applet. For example, changes to collaborative integer constituent part 
444 can be communicated after changes to collaborative string constituent part 446 are 
10 communicated, but before the pod has completed processing of the changes to 

collaborative string constituent part 446. This allows a user to continue to use an applet 
without having to wait for processing of previous changes to be completed. 

Transparent Object Serialization 

As used herein, "serialization" refers to the process of transforming a complex 
15 data set (e.g., a database) into a linear data set that can be stored on data storage device 

(e.g., a hard disk). In one embodiment, object serialization is used to provide persistence 

for collaborative objects. 

According to one embodiment of the present invention, unless active, pods reside 

on a hard disk or other storage device in the server computer system. When a connection 
20 is received for an inactive pod stored on a hard disk, the server computer system loads the 

pod into main memory and restores the state of the pod as of the last time the pod was 

active. The server then delivers the incoming messages to the active pod. 
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In one embodiment, when the pod's messages have been processed and the pod is 
no longer active, the server saves the state of the pod, moves the pod to hard disk or other 
storage device and clears the pod from main memory. By having the pod in main 
memory only when connections are open to the pod, a server computer system can 
5 support a large number of pods without using correspondingly large amounts of memory. 
Thus, pods consume resources of the server computer system only when active and being 
used by clients. 

Periodic serialization can initiated to maintain persistence for collaborative 
objects. In one embodiment, servers serialize objects that have been active for a 
10 preselected period of time without serialization. Periodic serialization allows the state of 
the pod to be saved when the pod is active so that the state can be retrieved should an 
event occur that would cause the pod to lose data, such as the server computer system 
crashing. In order to coordinate the state of the pod with the stored state, periodic 
serialization should occur between messages. 

15 Optimistic Concurrency Control 

In general, two types of concurrency control (e.g., pessimistic and optimistic) and 
two types of collaborative architectures (e.g., centralized and distributed) can be 
provided, which results in four choices for concurrency control. Pessimistic concurrency 
control requires communication with other systems (e.g., a server) before changing 

20 locally (e.g., the client). Optimistic concurrency control, on the other hand, does not 
require communications before making a local change. Optimistic algorithms are well- 
suited for high-latency comminations because the result of a user's action can be 
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displayed before an associated message makes a round-trip between the applet and the 
server. 

In distributed architectures, applets communicate with other applets to provide 
concurrency control. In centralized architectures, applets communicate with pods and the 
5 pods provide concurrency control. Because of the many possible messages required, 
distributed optimistic concurrency control can become complex very rapidly as applets 
are added to the architecture. The increased complexity increases network resources 
required to provide concurrency control between applets. One embodiment of optimistic 
concurrency control is described in detail in a paper entitled "HIGH-LATENCY, LOW- 
10 BANDWIDTH WINDOWING IN THE JUPITER COLLABORATION SYSTEM" 
published in the Proceedings of the Eighth Annual Symposium on User Interface 
Software and Technology (UIST), November 15-17, 1995. As described in greater detail 
below, the present invention provides a centralized architecture with optimistic 
concurrency control. 

15 In one embodiment of the present invention, optimistic concurrency control is 

provided only for individual applet-pod links. In this manner, each applet appears to 
operate synchronously with respect to the pod. The pod can use a change propagation 
algorithm to update all applets and thereby provide concurrency control between applets. 
In one embodiment, if either the applet or the pod initiates a change to data, the change is 

20 applied locally and a message describing the change is sent to the other party. 

As discussed earlier, optimistic concurrency control allows applets to change data 
without having to wait for pod interaction. If either the applet or the pod initiates a 
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change, the change is immediately applied locally and a message is sent to the 
corresponding party. When messages cross in the network, each receiver modifies the 
incoming message so that the message makes sense relative to the receiving object's 
current state. Modifying conflicting messages is described in greater detail below. 
5 Concurrency control is not applied directly between applets, instead concurrency 

control is applied between a pod and a single applet as messages are received from the 
individual applets. Changes are then broadcast to the other corresponding applets. In this 
manner, a two-way optimistic concurrency control algorithm can be applied to an n-way 
collaborative object architecture, which is much simpler than implementing the n-way 

10 optimistic concurrency control. 

Figure 5 is one embodiment of two messages of a single string object that cross in 
a network. The example of Figure 5 is an update conflict that results in an incorrect 
update. Concurrency control of the present invention allows collaborative objects to 
recognize the conflict and modify messages when necessary to avoid such conflicts. 

15 If the messages of Figure 5 are not transformed on receipt, the final values in 

applet 550 and pod 510 are different. The original strings , string 552 in applet 550 and 
string 512 in pod 510 are the same ("ABCDE"). The user of applet 550 deletes "D" and 
applet 550 generates DEL_4 message 554 in response to delete the fourth letter in string 
552, which results in string 556 ("ABCE"). DEL_4 message 554 is communicated to pod 

20 510 via network 500. 

Prior to pod 510 processing DEL_4 message 554 from applet 550, a user of pod 
510 deletes "B" and pod 510 generates DEL_2 message 514 in response to delete the 
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second letter in string 512, which results in string 516 ("ACDE"). DEL_2 message 514 is 
then communicated to applet 550 via network 500. Prior to processing the delete 
messages, string 556 in applet 550 includes "ABCE" and string 516 in pod 510 includes 
"ACDE". 

5 When pod 510 processes DEL_4 message 554, the fourth letter in the string ("E") 

is deleted to result in string 520 ("ACD"). Similarly, when applet processes DEL_2 
message 514, the second letter in the string ("B") is deleted to result in string 560 
including "ACE". Thus, without concurrency control, the final string in applet 550 and 
pod 510 do not match. 

10 Concurrency control according to the present invention modifies DEL_4 message 

554 from applet 550 to a DEL_3 message to delete "D" from string 516 instead of 
deleting "E". As described below, the architecture of the present invention includes 
concurrency control to handle update conflicts so that pods and corresponding applets 
have the same data when all appropriate message have been processed. 

15 A general tool for handling update conflicts is described as the XFORM function. 

The XFORM function is intended to describe a broad category of functions that have the 
properties that are described below. In the following description 

XFORM(A,P) = {A\F}, 
where A and P refer to the original applet and pod messages, respectively. Messages A' 

20 and P' have the property that if the applet applies A followed by P\ and the pod applies P 
followed by A', the applet and the pod will be in the same state. 

In the update conflict example of Figure 5, the following transform is an example 
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of the transform that can be applied. 
XFORM(del x, del y)= 

{del x-1, del y} if x>y; 
{del x ? del y-1 } if x<y; and 
5 {no-op, no-op} if x = y. 

In other words, later indexes in a string are modified to account for earlier deletions. 

Figure 6 is one embodiment of a state space for an applet and a pod while 
processing messages. Each node is labeled with the number of applet and pod messages 
processed when in that state. Solid lines indicate the applet path and dotted lines indicate 
10 the pod path. For example, if the applet is in state (2,3), the applet has processed two of 
its own messages and three messages from the corresponding pod. In the example of 
Figure 6, a conflict occurs starting from state (1,1). 

As messages are processed, the applet and pod move through the state space of 
Figure 6. If the applet and pod process messages in the same order, no conflicts occur 
15 and the applet and pod take the same path (e.g., (0,0) to (1,0) to (1,1)). In the example, of 
Figure 6, the applet and pod process different messages while in state (1,1). As a result, 
the applet moves to state (2,1) and the pod moves to state (1,2). To resolve the conflict of 
being in different states, both the applet and the pod process the message from the other 
party with the appropriate XFORM function, 
20 Processing messages with the XFORM function moves both the applet and the 

pod to state (2,2). The applet and pod both process a message from the pod to move to 
state (2,3). Thus, as the applet and pod states diverge, the XFORM function(s) are used 
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to reconcile the messages processed so that the applet and the pod move to the same state. 

The messaging protocol of the present invention labels each message with the 
state of the sender just prior to when the message was generated. These labels are used to 
detect conflicts and the XFORM function(s) are used to resolve the conflicts. The 
5 messaging protocol guarantees that when an applet and pod reach the same state, all 
objects will have identical values. 

The XFORM function takes a pair of applet and pod messages that were generated 
from the same starting state and returns transformed messages that allow the applet and 
the pod to reach the same final state. When the applet and pod diverge by only a single 
10 state the XFORM function can be used directly. However, when the applet and pod 

diverge by more than one state, reconciliation is more complex and the XFORM function 
cannot be used directly. 

Figure 7 is one embodiment of a state space in which an applet and a pod diverge 
by more than one state. In the example of Figure 7, the applet has executed A to move to 
15 state (1,0) then receives a conflicting PI message from the pod. The applet uses the 
XFORM function to generate PT to get to state (1,1) 

The pod then generates P2 from state (0,1), which indicates that the pod has not 
yet processed A. The applet cannot use XFORM(A, P2) because A and P2 were not 
generated from the same starting state. For example using the XFORM function 
20 described above, if A is DEL_4, PI is DEL_1, and P2 is DEL_3, then the correct 
transform for P2 is NO_OP; however XFORM(A, P2) is DEL„3. 

In the example of Figure 7, when the applet computes Pl\ it also computes and 
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stores A\ both of which are returned by the XFORM function. A' represents a 
hypothetical message that the applet would have generated to move from state (0,1) to 
(1,1). 

When P2 arrives, the applet uses A' to compute XFORM(A\ P2) = { A", P2' }. 
5 The applet executes P2' to get to state (1,2). If the pod has processed the applet's 

message, the pod will be in state (1,2) also. If not, the next message will originate from 
(0,3), not shown in Figure 7. For this reason, the applet stores A". This process 
continues until the applet and the pod are in the same state. 

Figure 8 is one embodiment of a flow diagram for sending a message. The 
10 message is described in terms of being sent from an applet to a pod; however, messages 
sent from the pod to the applet are processed in the same manner. For purposes of 
explanation, the example of Figure 8 assumes that the pod was last known in state (x, y) 
and has sent k messages, leaving the pod in state (x+k, y). These messages are kept in the 
outgoing queue. In the flow diagrams of Figures 8 and 9, My Msgs refers to the number 
15 of messages processed by the generating object and OtherMsgs refers to the number of 
messages received and processed. For the applet, MyMsgs is x+k and OtherMsgs is y. 

In step 810 the operation is performed locally by the applet to move the applet to 
state (x+k, y+1). In step 820, the operation along with MyMsgs and OtherMsgs is sent to 
the pod. In step 830, the message sent to the pod is added to the outgoing message queue 
20 of the applet. In step 840, MyMsgs is incremented. 

Figure 9 is one embodiment of a flow diagram for receiving a message. The 
example of Figure 9 assumes the same starting state as the example of Figure 8. Thus, 
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the next message received must originate from one of the states between (x, y) and 
(x+k, y), inclusive. Assuming that the pod has processed an arbitrary number (i) of the k 
applet messages, the received message comes from state (x+i, y), which takes the pod to 
state (x+i, y+1). 

5 In step 910 a message is received. Step 920 operates to remove the messages 

saved by the applet that take the applet from state (x, y) to (x+i, y) because those 
messages have been processed by the pod and are no longer necessary to implement 
hypothetical messages to reconcile divergent states. In step 930, the incoming message is 
transformed, if necessary, with respect to the saved messages as described above. In one 

10 embodiment, any messages transformed are saved as transformed messages. 

The result of step 930 is a message that takes the applet from state (x+k, y) to 
(x+k, y+1). In step 940 the message resulting from step 930 is applied locally. In step 
950, the operation is broadcast to corresponding active applets. In step 960, OtherMsgs is 
incremented. The steps of Figure 9 result in a saved sequence of messages that takes the 

15 applet from the last known pod state, (x+i, y+1) to the current state, (x+k, y+1). 

In one embodiment, messages are saved until the messages are acknowledged by 
the corresponding pod/applet in order to transform incoming messages properly. 
Acknowledgements can be piggy-backed on outgoing messages. If messages are one- 
sided, explicit acknowledgements can be generated. 

20 By applying concurrency control between an applet and a pod and having the pod 

broadcast incoming messages to other applets, a two-way concurrency control protocol 
can be used to provide n-way concurrency control. Each applet individually 
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communicates messages that are processed via a two-way protocol and the results are 
broadcast to other applets behaving in the same manner. 

Summary 

Optimistic concurrency control is well suited for use with lightweight 
5 asynchronous messaging because the applet/pod generating a message is free to continue 
operation without waiting for a response from the receiving pod/applet. Thus, 
combination of optimistic concurrency control and lightweight asynchronous messaging 
provides objects with more natural, real-time response than would otherwise be possible. 
Collaborative objects allow intelligence to be included in the applets so that 
10 operations can be performed without generating messages to a pod. Thus, collaborative 
objects further improve the natural, real-time response that can be provided by objects as 
compared to the prior art. Transparent object serialization provides persistence that 
allows a user to use an object without the need to manually save or otherwise be 
concerned with saving the state of an object. Transparent object serialization can also 
15 reduce data losses should computer systems crash or otherwise lose state that has not 
been saved. 

In the foregoing specification, the present invention has been described with 
reference to specific embodiments thereof. It will, however, be evident that various 
modifications and changes can be made thereto without departing from the broader spirit 
20 and scope of the invention. The specification and drawings are, accordingly, to be 
regarded in an illustrative rather than a restrictive sense. 
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